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Abstract—In recent years, advances in lab-on-a-chip (LOC) 
devices has led to separation, sorting and manipulation of cells 
and particles on miniaturized devices. Among the different 
mechanisms that have been used in this regard, 
dielectrophoresis (DEP) offers high controllability on the 
particles, provides high throughput, and is tunable. Due to these 
advantages,  DEP is used in this paper for the design of a micro-
separator. To optimize the geometry of such a separator, 
COMSOL Multiphysics® is used to simulate the electric field 
with the goal of achieving the highest performance in cell 
separation. For a DEP-based micro-separator, two inclined 
rectangle planar electrodes are considered. The effect of the 
width of each one of these electrodes as well as the gap between 
them on the DEP force is investigated to find the optimum 
design. 
Keywords- DEP; COMSOL modeling; Optimization, 
Microfluidics 
I.  INTRODUCTION  
     The separation of cells and particles in a micro scale has 
attracted the attention of researchers in the fields of 
microfluidics, bio-engineering, biology, chemistry, etc. The 
researchers are using different methods, which can be 
categorized into passive and active. The passive methods include 
micro-filters, micro-devices based on inertial forces, 
deterministic lateral displacement and the pinched flow 
fractionation. While the passive operate on their own, the active 
methods rely on an external force to manipulate the cells or 
particles, which can lead to more accurate and specific 
separation. Acoustic, magnetic, optical and electrical forces are 
among the forces that are used for cell/particle manipulation. 
The electric force can manipulate charged particles, which is 
called electrophoresis, or it can manipulate uncharged particles, 
which is called dielectrophoresis (DEP). DEP has been used by 
researchers for different applications such as cell patterning [1], 
trapping [2, 3], focusing [4], enrichment [5], separation [6] and 
isolation [7, 8]. DEP can separate the cells based on their 
electrical properties (electrical conductivity and permittivity) 
and size. Although some studies have used biomarkers to 
change the electrical properties of the cells [9], in general, DEP 
is a marker-free method depending on the intrinsic properties of 
the cells. Eliminating the labeling of the cells and biomarkers 
makes the preparation for DEP-based separation much faster 
and cheaper than some other methods such as fluorescence-
activated cell sorter (FACS) and magnetic-activated cell sorter 
(MACS). Another advantage of DEP over other marker-free 
techniques is its relative ease of fabrication compared to other 
techniques such as those based on acoustic forces.  
Different configureations of electordes such as interdigitated 
[10], castellated [11], top-bottom paterned [12] and sidewall 
patterned [13] have been used for DEP-based devices. Among 
these configurations, planar slanted electrodes are easy to 
fabricate and operate, and are suitable for continuous cell 
separation. The slanted electrodes can continuously move the 
cells laterally toward the target outlet.  
To apply an effective DEP force for cell/particle separation, the 
design needs to be optimized. This optimized design can lead to 
higher throughput and lower voltage (which means lower joul 
heating and higher cell viability). In this study, slanted 
electrodes are chosen and simulation is used to find the 
optimum width of the electrodes and the gap between them for 
achieving a maximum DEP force and hence effective cell 
separation. 
 
II. THEORY OF DIELECTROPHORETIC FORCE 
When a particle is in a non-uniform electric field, it is 
polarized and experiences a force from the electric field. This 
phenomenon is referred to as DEP. The DEP force can be 
calculated as: 
𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑅
3𝐶𝑀∇𝐸2                             (1) 
where 𝜀𝑚  is the absolute permittivity of the medium, 𝑅 is the 
radius of the particle, 𝐶𝑀  is the Clausius Mossotti factor and 𝐸 
is the electric field. The 𝐶𝑀  factor depends on the relative 
permittivity of the particle and medium, and it is the factor that 
determines the sign of the DEP force as described below: 
𝐶𝑀 =  
𝜀𝑝− 𝜀𝑚
𝜀𝑝+ 2𝜀𝑚
                                       (2) 
Based on the sign of the 𝐶𝑀  factor, there are two categories 
of DEP: negative dielectrophoresis (nDEP) and positive 
dielectrophoresis (pDEP). The pDEP happens when the particles 
are more polarizable than the medium and the DEP force on the 
particles is towards the highest intensity of the electric field 
regions. On the other hand, the higher polarizability of the 
medium in comparison to the particle generates an nDEP effect, 
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pushing the particles towards the regions with the lowest 
intensity of gradient of the electric field square. 
 
III. COMPUTATIONAL MODELING 
The electric current module of COMSOL Multiphysics 
software have been used for the simulation of our design.  
Figure 1 shows the geometry (the cross section along width 
of the channel) which has been used for studying the effect of 
DEP on cell separation. The geometry consists of two rectanglar 
electrodes, which are positioned at the bottom of the 
microfluidics channel. The channel is 1 mm  75 µm and height 
of the electrodes are 100 nm. The width of the electrodes varies 
from 10 to 200 µm during simulation  to investigate the effect 
of the electrode size on the DEP force. 
 
 
The minimum feature size that we can fabricate in our clean 
room is 5 µm. Therefore, this is the minimum gap (see Fig 1) 
that is used in this study. The simulation has been done for gaps 
ranging from 5 to 85 µm and electode width ranging from 10 to 
300 µm. 1 volt AC electric current with a frequency of 100 kHz 
is applied to the electrodes and the other boundaries of the 
channel is assumed to be isolated. 
Electrical potential of 1 and -1 voltage were used as 
boundary conditions for electrode 1 and 2, respectively. In 
addition, at the interface of the electodes and fluid, continuity 
boundary condition was assumed. Furthermore, water and 
copper are used as the materials for the fluid and electrodes, 
respectively.  
In order to evaluate the changes in DEP force exerted on 
particles, one cut line across the top of the channel is drawn.  As 
can be seen in Figure 2 and Figure 3, the variation of the forces 
across this line have been evaluated. 
The electric current, electrical potential, and electrical field 
can be evaluated by solving the Ohm’s law. Fundamental 
equations from Ohm’s law are shown from equation (3) to 
equation (5). 
E = −∇V                                      (3) 
𝐽 = 𝜎𝐸 + 𝑗𝜔𝐷                                  (4) 
𝐷 = 𝜀0𝜀𝑟𝐸                                    (5) 
𝐽, 𝜎, 𝐸, 𝜔 𝑎𝑛𝑑 𝑉  are electric current density, electrical 
conductivity, electrical filed, angular frequency, and electrical 
voltage, respectively.  𝐷  is the corrected electrical field in 
different mediums, 𝜀0 is the relative permittivity of air and 𝜀𝑟  is 
the relative permittivity of the used medium. AC voltage is 
applied as an input, both real and imaginary terms are created 
in the electrical flux 𝐽  and will be changed by the input 
frequency. 
In this study, only the variable 𝐸  is important as it has a 
direct influence on amount of DEP force, as demonstrated in 
equation (1). Furthermore, all other terms of equation (1) are 
constant for this specific study, except ∇𝐸2 term. Consequently, 
we focus on this term as it has a direct impact on the DEP force. 
The widths of electrode 1 and electrode 2 and also the width of 
the gap between the two electrodes. play a vital role on the 
magnitude and direction of the ∇𝐸2 term and the DEP force. 
Therefore, these parameters were used in this study. 
 
 
IV. RESULTS AND DISCUSSION 
 
As mentioned before, the parameter that affects the DEP 
force in Equation (1) is ∇𝐸2, which depends on the geometry of 
the device. The other parameters in this equation rely on the 
particle, medium, and frequency of the applied electric field. As 
for ∇𝐸2 , only its horizontal component affects the lateral 
displacement of the particles. Thus, the horizontal component of 
∇𝐸2 is used to optimize the electrodes geometry. As shown in 
Figure 2, the value of ∇𝐸2 is minimum on the top of the channel, 
resulting in the minimum DEP force. To make sure that all the 
particles are affected by DEP, the ∇𝐸2 term must be maximized 
on the top of the channel. 
 
Figure 2. The contour of ∇𝐸2  inside a channel with the width of the 
electrodes of bot 𝑊1 = 𝑊2 = 300 µm and 𝐺= 5 µm. 
Electrode 2 Electrode 1 
Figure 1. The geometry used for simulation  
Gap 
The gradient of electric field squared ∇𝐸2(
𝑉2
𝑚3
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First, the effect of the gap between the electordes is studied. 
For this, the electrodes are assumed to have the same size. Then, 
the gap is changed to find the optimum gap size resulting in the 
maximum value of ∇𝐸2 on the top of the channel. The curves in 
Figure 3 are each associated with a certain value of the electrode 
width. The results show that all the curves have a similar trend 
(as the gap is reduced the value of ∇𝐸2 increases), except for the 
electrode widths of 10 and 40 µm. In order to make sure that this 
result is not just for the case of the same size electrodes, 
assuming that the first electrode is 100 µm wide, the second 
electrode’s size is changed for three different gaps, and the 
results are provided in Figure 4. Comparing Figure 4 (A), (B) 
and (C) shows that even if the electrodes’ sizes are not the same, 
as the gap decreases the DEP force increases. Hence, the 
optimum gap size is 5 µm.  
 
To find the optimum electrode width, the simulation was run 
with the gap size of 5 µm and the electrode size combination of 
of 10 µm, 40 µm, 70 µm, 100 µm, 140 µm, 200 µm, 250 µm and 
300 µm. The results in Figure 5 show that the electrodes smaller 
than 70 µm wide, lead to significantly lower ∇𝐸2. This means 
that electrodes smaller than 70 µm wide should be avoided in 
this design. However, increasing the width after 70 µm does not 
have a signigicant effect on ∇𝐸2. A closer look to the results 
shows that a slightly higher ∇𝐸2  (and DEP force) can be 
generated by using a combination of 70 µm and 200 µm wide 
electrodes.  
 
 
 
Figure 3. Maximum value of ∇𝐸2  along the top of the channel as a 
function of the gap size. 
A 
B 
C 
Figure 4. Variations of the exerted force on the particles as 
afucntion of the distance across the cut line. 𝑊1 (th width of 
electrode 1) is considered as 10 µm while  𝑊2  (the width of 
electrode 2) is varied from 10 to 200 µm. 𝐺 (gap between two 
electrodes) is A) 80 µm , B) 35 µm and C) 5 µm. 
Figure 5. Maximum value of ∇𝐸2  on the top of the channel for the case 
that the gap is 5 µm and different combinations of the electrodes 
Figure 6. Variation of ∇𝐸2  along the top of the channel for a width of 
W1 = 70 µm and W2 = 200 µm and gap size of 5 µm. 
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With the optimum values of the gap and the electrode widths 
obtained, the variations in ∇𝐸2  are calculated and shown in 
Figure 6. This graph shows that the maximum value of the ∇𝐸2 
term occurs on the side of the smaller electrode (blue line). Thus, 
the particle motion will be from the side of the large to the small 
electrodes. Based on these optimum values, the design shown in 
Figure 7 is used for a DEP-based micro-separator. 
 
Figure 7. A schematic of the proposed DEP-based micro-seperator  
V. CONCLUSIONS 
 
In this study, COMSOL Multiphysics® tool was used to 
simulate the electric field created by two electrodes for a DEP-
based cell/particle micro-separator. Different geometries in 
terms of the width of the electrodes and the gap between them 
have been investigated to find an optimum design, which leads 
to the maximum value of the DEP force on the top of the 
channel. The results show that in order to get the best outcome, 
the gap size must be as low as possible (which is 5 µm in our 
lab) and the width of the electrodes must be larger than 70 µm. 
Further investigation shows that the best results are obtained 
when the width of one of the electrodes is 75 µm and the other 
is 200 µm wide. Based on these results, a DEP-based micro-
separator design is optimized. 
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